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The virulence of Escherichia coli strains for newborn rats was related to
opsonic requirements of the strains, sensitivity to the bactericidal activity of
serum, and K1 capsular polysaccharide content. K1 E. coli strains were more
virulent than non-K1 strains after intraperitoneal injection in newborn rats (P <
0.05) and were more resistant to phagocytosis than non-Ki strains when the
classical complement pathway was blocked with Mg-ethyleneglycoltetraacetic
acid (P < 0.0005). Sensitivity to the bactericidal activity of serum was similar
among K1 and non-Ki E. coli strains. Two groups of K1 E. coli strains were
defined on the basis of opsonic requirements. Group I strains were efficiently
opsonized by the alternative complement pathway, while group II strains required
the classical complement pathway for opsonization. Group I strains had less
detectable K1 polysaccharide in the washed whole cell fraction than group II
strains (10.3 versus 18.9 Itg of K1 polysaccharide per 1010 colony-forming units)
and were less virulent than group II strains (mortality, 44 versus 77%, P < 0.05).
The K1 capsular polysaccharide appears to play an important role in determining
virulence in newborn rats and opsonic requirements of these strains, but does not
contribute to the sensitivity of strains to the bactericidal activity of serum.

Meningitis in newborn infants differs, because
of its high incidence and mortality rate, from
meningitis in older children (8). Escherichia coli
is the commonest organism isolated from the
cerebrospinal fluid (CSF) of newborn infants
and accounts for approximately 50% of menin-
geal infections (4). Although the Escherichia
genus is antigenically complex with over 250
somatic and capsular antigens, one capsular pol-
ysaccharide antigen, K1, has been associated
with 84% of strains isolated from the CSF of
neonates with meningitis (20).
Development of infection depends on the in-

teractions between the host and the microorga-
nism, and differences in virulence of bacterial
strains may influence this relationship. In 1974
McCracken et al. (14) determined the median
lethal dose of E. coli strains injected together
with hog gastric mucin intraperitoneally (i.p.)
into adult mice. Strains with K1 antigen isolated
from infants with meningitis who subsequently
died were significantly more virulent than K1 E.
coli strains isolated from the CSF of infants who
survived.

Others have suggested that virulence may be
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influenced by bacteria-associated factors. Re-
sistance to serum bactericidal activity may con-
tribute to virulence since E. coli strains isolated
from the urine of patients with pyelonephritis
more often are serum resistant than strains with
the same serotype isolated from children with
asymptomatic bacteriuria (1, 16). Howard and
Glynn demonstrated that the content of K an-
tigen among E. coli strains was related to resist-
ance to bactericidal activity of serum, phagocy-
tosis in vivo, and virulence for mice on intrace-
rebral injection (9). Medearis et al. (15) reported
that strains that lack a complete somatic antigen
are less virulent in adult mice when injected i.p.
together with hog gastric mucin.
The purpose of the present studies was to

examine the relationship between the virulence
of E. coli strains in newborn rats and the behav-
ior of these strains in a phagocytic assay, their
sensitivity to the bactericidal activity of serum,
and the capsular content of K1 antigen.

MATERIALS AND METHODS
Animals. Outbred, pathogen-free albino Sprague-

Dawley pregnant rats were obtained from Bio-Lab
Corp. (White Bear Lake, Minn.). Rat pups were

housed with their mothers under standardized condi-
tions as described previously (3).

Bacteria. K1 and non-Ki E. coli strains randomly
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selected from isolates of blood and CSF (23 K1 and 11
non-Ki isolates) or stools (23 K1 and 6 non-K1 iso-
lates) of newborn infants were studied in a phagocytic
assay and in an assay of sensitivity to the bactericidal
activity of serum. All K1 E. coli strains were identified
by the agarose halo technique described by Sarff et al.
(21). Strains were obtained from C. Krishnan (De-
partment of Bacteriology, Hospital for Sick Children,
Toronto, Canada), J. B. Robbins (Division of Bacterial
Products, Bureau of Biologics, Food and Drug Admin-
istration, Bethesda, Md.), D. Blazevic (Diagnostic
Bacteriology Department, University of Minnesota,
Minneapolis, Minn.), and W. L. Albritton (Depart-
ment of Pediatrics, Health Sciences Center, Winnipeg,
Manitoba, Canada). Strains were stored at -20'C in
20% glycerol in small vials until needed. Serotyping
was performed by Fritz 0rskov, Seruminstitut, Copen-
hagen, and by H. Lior of the Laboratory of the Center
for Disease Control, Ottawa, Canada. The serotypes
of 12/46 K1 E. coli strains have been reported previ-
ously (3). Eleven of the 17 non-Ki strains were sero-
typed, and 2 strains possessed K antigen, 1 a K7 and
the other a K36A.

Logarithmic-phase organisms as described earlier
(3) were used for virulence studies. Bacteria were
diluted in 0.85% NaCl to give a concentration of 5 x
104 colony-forming units (CFU) in a volume of 0.1 ml
and injected i.p.

Opsonic studieswere done with bacteria that had
been incubated overnight at 370C, washed three times
in phosphate-buffered saline (PBS) at pH 7.4, and
adjusted to 5 x 107 CFU per ml of PBS by a spectro-
photometric method.

Opsonic assay and serum sensitivity. Human
leukocytes were collected and separated as described
previously (17). Serum pooled from three normal do-
nors (PHS) and frozen in 0.5-ml portions at -70'C
was thawed immediately before use. A phagocytic
mixture consisted of 0.5 ml of polymorphonuclear leu-
kocyte (PMN) suspension (5 x 106 PMN per ml of
mixture), 0.4 ml of serum (final concentration of 20%),
and 0.1 ml of bacterial suspension (5 x 106 CFU per
ml of mixture). The assay was done as described
previously (17). Samples were obtained at 0 and 60
min and diluted in distilled water, and the viable
bacterial count was estimated by pour-plate technique.
Bacterial killing was expressed as the percentage of
the original inoculum. Opsonic studies were repeated
at least twice for each of the 63 strains. Reduction in
viable bacterial count of less than 20% was considered
resistance to phagocytosis. The standard error of the
assay was +1.2% for the 46 K1 strains and was ±4%
for the 17 non-KI strains.

Opsonization via the alternative complement path-
way was evaluated in serum containing 0.1 M ethyl-
eneglycoltetraacetic acid (Sigma Chemical Co., St.
Louis, Mo.) with 0.1 M MgCl2 (MgEGTA) (7). Con-
trols with 20% MgEGTA-chelated serum but without
PMN were included. Strains with less than a 20%
decrease in viable bacterial count were considered
resistant to phagocytosis. In addition, four K1 and one
non-Ki E. coli strains were examined in serum (pro-
vided by Y. Kim) from a patient with no detectable
C2 complement (11).

Sensitivity of E. coli strains to the bactericidal

activity of serum was done in 40% PHS with omission
of PMN in the phagocytic mixture. The same serum
pool was used for all the studies. Strains which showed
less than a 20% decrease in viable bacterial count were
considered resistant to the bactericidal activity of se-
rum. The standard error of the assay was ±1.4%. In a
few assays of bactericidal activity, the serum was heat
inactivated and the bacterial killing was abolished.
This supports the concept that complement mediates
the bactericidal activity of serum.

Virulence studies. Mortality in 5-day-old rats
after i.p. injection of 5 x 104 CFU of E. coli was used
as an indicator of virulence. Strains used in the viru-
lence studies were those studied in the phagocytic
system except for two E. coli isolates. Because non-
K1 E. coli strains that were both serum resistant and
resistant to phagocytosis in chelated serum were not
found among the isolates of newborn infants, two
strains having these characteristics were obtained
from children with urinary tract infection. Five ani-
mals from multiple litters were injected with each
strain and observed every 12 h and every 24 h there-
after. Control animals from the same litters were in-
jected with saline or a sterile broth filtrate of the test
strain. The median lethal dose (LD50) of 14 of these E.
coli strains was determined at 72 h after i.p. injection
in 5-day-old animals by the method of Reed and
Muench (18). Between 20 and 30 animals were used
for each LDu% determination.

Quantitation of K1 polysaccharide. A 10-4 di-
lution of an overnight broth culture was inoculated
into 10 ml of brain heart infusion broth (Difco Labo-
ratories, Detroit, Mich.) and incubated at 35°C with
agitation for 18 h. Viable bacteria count was estimated
by pour-plate technique in triplicate. The remaining
sample was centrifuged at 6,000 x g for 15 min at 4°C.
The bacterial sediment was washed twice in 0.85%
NaCl and resuspended to 1 ml in saline. A portion of
the supernatant and sediment was stored at -200C.
Before quantitation studies, bacterial sediment was
thawed and refrozen six times to disrupt the cells. K1
polysaccharide was quantitated by using a rocket im-
munoelectrophoresis technique as described by Weeke
(22). Equine group B meningococcus antiserum, which
cross-reacts with E. coli KI polysaccharide, was incor-
porated into agarose plates. Horse serum and purified
K1 polysaccharide (which was used as a standard for
quantitation) were kindly provided by John B. Rob-
bins.

Statistical methods. Data are expressed in the
text and figures as mean ± standard error. Analysis of
the difference of means used the unpaired t test.
Incidence data were analyzed by the chi-square test.
Probability of 0.05 or less was accepted as significant.

RESULTS

Opsonic assay and serum sensitivity. The
opsonic requirements and sensitivity to the bac-
tericidal activity of pooled human serum were
determined in 46 K1 and 17 non-Ki E. coli
strains. The median percent bacterial killing in
the phagocytic system using 20% PHS was 98.2%
for non-K1 E. coli and 89.5% for K1 E. coli
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strains (P < 0.05). When serum chelated with
MgEGTA was used in the phagocytic system,
the median percent killing for K1 E. coli strains
was 17% compared to 94% for non-Ki E. coli
strains (P < 0.0005) (Fig. 1). Most K1 strains
resisted phagocytic killing by human leukocytes
in serum chelated with MgEGTA, while most
non-Ki strains were killed under these condi-
tions. In both K1 and non-Ki E. coli groups,
however, considerable variability from strain to
strain was present. The non-Ki E. coli separated
into two distinct groups (one with a high per-
centage and one with a low percentage of killing),
whereas the K1 E. coli strains included some
that showed intermediate levels of killing.
To confirm results obtained using chelated

serum, the phagocytic studies were repeated
with five E. coli strains using 20% serum defi-
cient in the second component of complement
(Fig. 2). Three of the strains that were opsonized
and killed in 20% serum chelated with MgEGTA
were well opsonized and killed in the presence
of C2-deficient serum. Two of the K1 E. coli
strains were not opsonized in chelated serum or
in C2-deficient serum.

Resistance to the bactericidal activity of PHS
was similar in K1 E. coli strains (32% of strains)
and non-KL E. coli strains (41% of strains).
Virulence studies. The relationship of op-

sonic requirement and capsular antigen to viru-
lence was determined by studying mortality of
5-day-old rats after i.p. injection with 5 x 104
CFU of E. coli. Mortality at 24 to 72 h after
injection in animals receiving the 20 K1 E. coli
strains differed significantly from mortality of
animals injected with 13 non-Ki E. coli strains
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FIG. 1. Percentage of bacterial killing of 46 K) E.
coli and 17 non-KI E. coli strains in the presence of
human leukocytes and 20%opooled human serum che-
lated with MgEGTA: serum-sensitive (0) and serum-

resistant (0) E. coli strains. Median indicated by
horizontal line for K) and non-K) E. coli strains (P
< 0.005).
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(P < 0.01) (Fig. 3). Approximately 80% of the K1
isolates from blood and CSF of newborns and
50% of the K1 strains isolated from the stools of
infants without evidence of infection were resist-
ant to opsonization by the alternative comple-
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FIG. 2. Percentage of bacterial killing after 60 min

in presence of human leukocytes and PHS, PHS
chelated with MgEGTA, and serum from a patient
with absence of C2. Four K) E. coli strains are
indicated by solid symbols (-,E, A, x) and one non-
K) E. coli strain is indicated by open circles (0). Two
Kl strains, * and x, were not opsonized in chelated
serum or C2-deficient serum.
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FIG. 3. Percent mortality (mean ± standard error
of the mean of mortality in animals) in suckling rats
after i.p. injection of 5 x 104 CFU of E. coli: animals
injected with K) E. coli (0,0); animals injected with
non-KI E. coli (0, *); animals injected with saline
(A). Closed symbols (-, E) indicate strains resistant
to opsonization in 20% chelated serum, open symbols
(0, 0) indicate strains sensitive to opsonization in
20% chelated serum. Numbers inparentheses indicate
total number of animals injected.
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ment pathway (ACP). At 72 h after challenge,
K1 E. coli strains that avoided opsonization in
chelated serum (group II strains) were associ-
ated with a higher mortality rate (77%) than
either K1 strains (group I) that were opsonized
in chelated serum (44%, P < 0.05) or non-K1 E.
coli strains (28%, P < 0.001). However, animals
injected with group I K1 strains had a mortality
rate at 72 h after injection that was not signifi-
cantly different from that of animals injected
with non-Ki strains (0.1 > P > 0.05). Both K1
and non-Ki strains that resisted opsonization in
chelated serum were more virulent than strains
that were opsonized in chelated serum (cumu-
lative mortality of 57 versus 34% at 72 h,
P < 0.005).
The LD50 was determined in eight serum-sen-

sitive and six serum-resistant K1 E. coli strains
selected because of their various opsonic require-
ments (Fig. 4). Strains that resisted both the
bactericidal activity of serum and opsonization
via the ACP were most virulent. The median
LD50 for eight group I K1 E. coli strains was
higher than the LD50 for six group II strains
(10495 CFU versus 103.5 CFU, P < 0.02). The
most virulent strains were resistant to both the
bactericidal activity of serum and to opsoniza-
tion by the ACP (LD50 of 100.8 to 103'15).
Quantitation of K1 polysaccharide: rela-

tionship to opsonization. When the amount
of K1 polysaccharide in the broth supernatant
or whole cell fraction was measured, a consid-
erable variability from strain to strain was noted
(Table 1). K1 antigen was measurable in high
concentration in the supernatant fluid in most
strains. The concentration of K1 polysaccharide
found in the bacterial pellet was always less than
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FIG. 4. Relationship of LD5o of Kl E. coli strains

to opsonic resistance in presence of MgEGTA-che-
lated serum and human leukocytes. Serum-sensitive
(0) and serum-resistant (0) E. coli strains. KJ E. coli
strains were considered sensitive to opsonization if
more than 20% of the bacteria were killed after 60
min (group I). Group II KJ E. coli strains were

resistant to opsonization (less than 20%o bacterial
killing in 60 min). Median shown by horizontal bar.
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that in the supernatant fluid. Four strains (no.
6, 9, 10, and 11) with less than 12 ,ug of K1
polysaccharide per 1010 CFU in the washed cell
fraction were phagocytized well in chelated se-
rum (82 ± 14% killing). The remaining strains
had more than 12 jig of K1 polysaccharide per
1010 CFU and usually were more resistant to
phagocytosis in chelated serum (27 ± 10.6% kill-
ing, P < 0.01). However, three of these strains
(no. 5, 7, and 8) were opsonized well despite
having higher amounts of cell-associated K1 pol-
ysaccharide. The mean concentration of K1 pol-
ysaccharide in whole washed cell fractions for
group I strains was 10.3 ± 2.6 ,ug per 1010 CFU
and for group II strains 18.9 ± 2.6 ,ug per 1010
CFU (P < 0.05).
K1 polysaccharide does not appear to influ-

ence a strain's susceptibility to the bactericidal
activity of serum since two of four strains with
limited K1 polysaccharide (no. 10 and 11) and
four of the seven strains with higher concentra-
tions of K1 antigen in the whole cell fraction
were serum sensitive.

DISCUSSION
In 1974, Robbins et al. (20) reported the high

frequency of E. coli strains having the K1 cap-
sular polysaccharide among isolates from the
CSF of newborn infants with meningitis. It was
of interest that the capsular polysaccharide of
K1 E. coli was antigenically identical to that of
group B meningococcus (10) and that both or-
ganisms cause meningitis in humans. These sim-
ilarities suggest that the capsule may play a role
in the pathogenicity of these two organisms.
We compared 46 K1 E. coli strains with 17

non-K1 E. coli strains. Those with the K1 cap-
sular polysaccharide were significantly more re-
sistant to uptake and killing than non-K1 strains
in a phagocytic system with serum chelated with
MgEGTA. Since 10 mM MgEGTA selectively
blocks the classical complement pathway while
allowing activation of the ACP (5-7), the lack of
uptake and killing in serum with MgEGTA sug-
gests that most of the KI E. coli strains we
studied require the classical complement path-
way for efficient opsonization. However, three
K1 strains (no. 9, 10, and 11 in Table 1) were
opsonized well in chelated or unchelated serum.
Furthermore, three non-Ki strains resisted op-
sonization in chelated serum, suggesting that K1
polysaccharide may not be the only factor af-
fecting resistance to opsonization.
Four K1 E. coli strains that resisted phago-

cytosis and killing in chelated serum were also
resistant in C2-deficient serum. This strongly
suggests that most K1 E. coli strains require the
classical complement pathway for efficient op-
sonization.

I;



TABLE 1. Concentration ofKi capsular polysaccharide per 101O CFU in supernatant and washed whole cell
fraction ofKJ E. coli strains grown in brain heart infusion broth

KI content

Strain Serotype % Phagocyto- Serum sensitiv- Log LD5, Supernatant Whole cell
Si~~~~bityc~~~~~~~(Ag/ml per fraction (ug/

1010 CFU) 10'0 CFU)
1 07:K1 0 S 3.14 164 13.5
2 NAd 0 S 4.45 210 17.1
3 018ac:Kl:H7 13 R 0.8 208 19.0
4 07:K1 17 R 3.15 232 25.8
5 NA 27 S 5.05 164 16.4
6 02:K1:H6 40 R 4.80 209 9.8
7 07:K1:NM 62 R 3.39 346 15.7
8 SpAg:Kl:H7 69 S 5.86 428 16.5
9 NA 92 R 4.69 187 11.4
10 07:K1:NM 97 S 5.25 254 <1
11 SpAg:Kl:H7 99 S 6.60 8.5 1

a Relationship of phagocytosis in MgEGTA-chelated serum, sensitivity to bactericidal activity of serum, and
LD5o of strains injected into 5-day-old rats.

bPercent reduction in CFU of E. coli strain after 60 min in presence of human PMN and 20% pooled human
serum chelated with 10 mM MgEGTA.

e Sensitivity to the bactericidal activity of 40% pooled human serum after 60 min. Resistant strains (R) had
less than a 20%, and sensitive strains (S) had more than a 20% reduction in CFU.
dNA, Not available.

When E. coli strains were injected i.p. into
suckling rats, K1 strains were associated with a
higher mortality rate than non-K1 strains (P <
0.05). K1 and non-Ki E. coli strains that avoided
opsonization by the ACP were more virulent
than strains that were opsonized. The associa-
tion of K1 antigen to virulence in newborn rats
was not, however, related solely to the higher
frequency of opsono-resistance, since non-K1 E.
coli strains that were not opsonized by the ACP
were less virulent than similar K1 strains. A
relationship was also found between serum sen-
sitivity and virulence in K1 strains. The most
virulent strains were those which were both
resistant to opsonization by the ACP and resist-
ant to the bactericidal activity of serum. The
ability of K1 E. coli strains to resist opsonization
by the ACP and to resist the bactericidal activity
of serum are important virulence factors in new-
born rats. These findings also suggest that anti-
body specific for the K1 polysaccharide may be
required for efficient phagocytosis.

Rottini in 1974 found that E. coli strains with
a K antigen were more virulent in mice and
more resistant to phagocytosis than strains lack-
ing the K antigen (19). Other investigators have
found virulence to be related to the presence of
somatic antigens (15) or to the ability of a strain
to resist the bactericidal activity of serum (13,
16). Bjorkst6n and Kaijser (2) found that E. coli
strains isolated from children with asympto-
matic bacteriuria were significantly more often
serum sensitive and opsonized via the ACP than
strains isolated from children with pyelonephri-

tis. In our study both serum sensitivity and
resistance to phagocytosis were assessed. Of the
strains tested, those which avoided opsonization
by the ACP were more virulent in infant rats
(mortality, 57%) than those which were opson-
ized by the ACP (mortality, 34%). The ability of
strains to resist the bactericidal activity of serum
may enhance their virulence, and this may be of
particular importance in strains that resist op-
sonization by the ACP.
When K1 polysaccharide antigen was meas-

ured in the washed whole cell fraction of broth-
grown E. coli, strains well opsonized by the ACP
(group I strains) often had less than 12 jg of K1
antigen per 1010 CFU, while strains that were
poorly opsonized by it (group II strains) always
had greater than 12 Ag/1010 CFU. The level of
K1 polysaccharide in the supernatant of broth
cultures was not related to opsonic require-
ments. The ability to produce and release K1
antigen was not, by itself, a determinant of re-
sistance to phagocytosis. However, it is possible
that Ki polysaccharide contributes to inhibition
of phagocytosis when a critical level is present
on the surface of bacteria. No relationship was
found between the amount of K1 antigen con-
tent or production and resistance to the bacte-
ricidal activity of serum.
Our studies have shown that the opsonic re-

quirements of K1 and non-K1 E. coli strains are
related to virulence in newborn rats. K1 E. coli
strains with small amounts of polysaccharide in
their washed whole cell fractions behaved in a
phagocytic system as if they were non-K1
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strains. Two factors, the ability to resist opson-
ization by the ACP and serum resistance, were
determinants of the virulence of K1 E. coli
strains when injected into newborn rats. They
may be determinants of virulence in newborn
humans as well and suggest that specific immu-
noglobulin against K1 polysaccharide for acti-
vation of the classical complement pathway may
be a major factor in host defense against these
organisms.
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